Intoduction. In eukaryotic cells, the nucleotide excision repair (NER) is performed through coordinated action of multicomponent protein complexes of variable composition that are sequentially assembled in a damaged DNA region. The main NER enzymes and protein factors have been identified, but the architecture of specific protein-nucleic acid complexes, the mechanism of their functioning, and interaction of their components are still subjects of active investigation.
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NER system recognizes and removes from DNA a wide variety of structurally diverse helix-distorting bulky adducts. Such lesions appear as a result of exposure of DNA to various physical or chemical factors (UV or ionizing radiation, environmental pollutants, chemotherapeutic agents, etc.). During eukaryotic NER a region with damaged link (24-32 nucleotides) is removed from DNA followed by reconstruction of the nucleotide sequence using an undamaged DNA chain as a template for the reparative synthesis [1] [2] [3] .
NER is characterized by broad substrate specificity. However, the rates of repair of structurally similar lesions may be substantially different. The efficiency of removal of the DNA region with a damaged nucleotide estimated using model substrates, in combination with the results of analysis of interaction between substrate analogs and NER proteins, provides information on the details of lesion recognition by NER system.
Many biochemical approaches to NER investigation are based on synthetic substrate analogs, i. e. double-stranded DNA bearing modification in the defined position of the molecule, and structural analogs of the intermediates that appear during NER [4] [5] [6] [7] [8] . This fact determines the interest in development and improvement of methods of model lesions synthesis and crea-tion of synthetic DNA on their basis. It is known that a model lesion must be included in long DNA for the formation of functional NER complexes [9] . In some works, substrate properties were studied using circular structures based on a phage or plasmid DNA and bearing lesions in the target position (or positions) or statistically introduced into the DNA molecule at a particular frequency. This approach demands sufficient efforts to be applied.
Another type of model structures being substrates of the eukaryotic NER system is linear DNA duplexes of > 120 bp in length bearing a modified nucleotide in an internal position of the chain at approximately equal distances from the ends of the duplex [10] . The use of long DNA analogs of substrates containing regions of several unpaired bases, including those introduced at a distance from the lesion, made it possible to specify the role of the undamaged chain in lesion recognition and to confirm the hypothesis of a two-stage (or bipartite) [11, 12] mechanism of lesion recognition. For instance, it has been shown that the efficiency of repair of model DNA containing hard-to-repair cyclobutane pyrimidine dimers noticeably increases on introduction of a bubble or a loop of three unpaired bases in size on the 5'-side of the lesion [12] . Besides, it was recently shown by the example of long linear DNA containing a benz[a]pyrene modification that lesion recognition by NER proteins and efficiency of lesion removal depend not only on the type of modification introduced but also on details such as differences in the spatial structure of the lesion [13] and sequence of the regions flanking the lesion [14] .
The goal of the present work was to create long linear DNA analogs of NER substrates and then to analyze their interaction with proteins of cell extracts containing a complex of NER proteins and to estimate the properties of the created model DNA as substrates of the NER.
Materials and methods. Fluorescein-5(6)-carboxamidocaproyl-[5-(3-aminoallyl)-2'-deoxyuridine-5'-triphosphate] (Flu-dUTP) was from Biosan (Novosibirsk). Exo-N-{2-[N-(4-azido-2,5-difluoro-3-chloropyridine-6-yl)-3-aminopropionyl]aminoethyl}-2'-deoxycytidine-5'-triphosphate (Fap-dCTP) was synthesized as described in [15] Proteins preparation. NER-competent extract of HeLa cells was obtained by the method described in [10] . Recombinant heterodimer XPC-HR23B (Flag-XPC and in 6His-Tag-HR23B) was obtained by the method described in [16] with slight modifications.
Synthesis of model DNA was described in details in [17] . Base substituted dNTP analogs (Fap-dCTP and Flu-dUTP) were used as substrates of DNA polymerase to introduce modified dNMP moiety into the 3'-end of ONT. Long modified ONT was synthesized using ligation of modified 5'-component with radioactively labeled 3'-component as described earlier [17] .
For the formation of model DNA duplexes modified long ONT and complementary unmodified ONT were annealed.
The BP-modified DNA chain was obtained by ligation of 11-nt 5-[
32 P]-ONT, bearing BP-dG and flanking ONTs.
In vitro NER assay. The efficiency of removal of DNA region containing model lesions was described in details in [17] and determined using both direct and indirect («fill-in») methods. For direct detection reaction mixtures containing of internally labeled model DNA duplexes were incubated with NER-competent cell extract. 1 ´ NER buffer (25 mM Hepes, pH 7.8, 45 mM NaCl, 4.4 mM MgCl 2 , 0.1 mM EDTA, 4 mM ATP. Reaction mixtures were analyzed by electrophoresis in polyacrylamide gel under denaturing conditions followed by quantitative autoradiography. Quantitative analysis was done relatively to total radioactivity in each lane, using control lane signal as baseline.
For «fill-in» synthesis reaction mixtures was additionally contain the template 5'-gggggctcggcaccgtcacc ctggatgctgtagg-p-3', and the model DNA duplex was unlabeled. After incubation with NER-competent cell extract, radioactive label was introduced into excised DNA fragments using [a-32 P]dCTP as substrate of DNA polymerase reaction.
The effect of Fap-dC-and Flu-dU-DNA on the level of specific excision from [ 32 P]-BP-dG-DNA was stu-died. The reaction mixtures containing [
32 P]-BP-dG-DNA were incubated with NER-competent cell extract in the absence or in the presence of equimolar unlabeled competitive Fap-dC-or Flu-dU-DNA. The analysis of samples was carried out as described above.
Results and discussion. Using the improved enzymatic method of synthesis, we have synthesized long Fap-dC-and Flu-dU-DNA (137 bp) and analyzed their properties as substrates for the excision reaction catalyzed by the proteins of NER-competent extract of HeLa cells. BP-dG-DNA (131 bp) synthesized with the respective modified ONT was used as a standard substrate. The structures of model DNAs, containing bulky lesions and schematic representation of the DNA fragments containing modifications are shown in Fig. 1 .
The activity of these DNA analogs as NER substrates were demonstrated at the stage of lesion removal. The activity was measured by two methods: direct and indirect detection of the excision products (see Materials and methods). During the direct detection, FapdC-DNA and Flu-dU-DNA contained a 32 P-label immediately in the damaged nucleotide (on the 3'-side); in the case of BP-DNA, the label was located at a distance of five nucleotides on the 5'-side of the lesion. Thus, excision products (22-32-nucleotide DNA fragments bearing lesions) must contain 32 P-label. The advantage of this method is the possibility to quantitatively assess lesion removal efficiency without additional stages. DNA modifications induced by benzo[a]pyrene are one of the most widespread and well-studied types of lesions repaired by NER in humans [1] [2] [3] 14] . This model lesion belongs to a class of systematically studied and rather effective synthetic NER substrates. However, it should be noted that the level of excision in experiments in vitro rarely exceeds 5 % even for such model DNA [13] . During the incubation of [ 32 P]-BP-DNA with the proteins of NER-competent HeLa extract, radioactive DNA fragments of 22-32 nucleotides were observed in the mixture. The quantity of specific hydrolysis products increased during 10-60 min from the beginning of the reaction. Excised fragments accumulation is also dependent on the concentration of extract proteins in the reaction mixture within the analyzed range of concentrations (2-15 µg/µl) (data not shown). Fig. 2, a, presents Appearance of fragments of typical length from Flu-dU-DNA was detected using the «fill-in» method (Fig. 2, b) . Radioactive [a-32 P]dCMP was introduced as a label into the removed DNA fragments with damaged nucleotides using DNA-polymerase reaction and complementary template ONT. The advantage of such estimation of substrate properties is higher sensitivity and absence of necessity of synthesis of model DNA with high specific radioactivity. However, products of specific excision from Fap-dC-DNA were not revealed by this method either.
Flu-dU-and Fap-dC-DNA demonstrated the ability for effective competition with BP-DNA for the interaction with proteins of the cell extract excision complex. The experiments (results are shown in Fig. 3 ) were performed using [
32 P]-BP-DNA and nonradioactive competitive DNA duplexes. In the presence of an equimolar amount of the control unmodified duplex, the level of excision for [
32 P]-BP-DNA was no less than 95 % of the level of excision observed in the absence of competitive DNA. As a result of adding the equimolar amount of Flu-dU-or Fap-dC-DNA to the reaction mixture, the level of excision of damaged fragments from [
32 P]-BP-DNA significantly decreased. In the presence of FapdC-DNA, the level of excision from BP-DNA was lower by 20 %, while the presence of Flu-dU-DNA reduced the level of BP-DNA specific hydrolysis twofold. Decrease in the quantity of radioactive cleavage products is evidently due to distribution of NER proteins between radioactive BP-DNA and nonradioactive Fap-dC-or Flu-dU-DNA.
Our results, in combination with the data of previous studies [18, 19] , allow us to consider the linear 137-bp Fap-dC-DNA as unrepairable NER substrates. Unrepairable substrate analogs, i. e. structures capable of selective binding of DNA repair proteins but not liable to further processing, are most dangerous for cells. Accumulation of such DNA can considerably reduce the efficiency of the repair machinery due to immobilization of its protein components within nonproductive nucleoprotein complexes [20] . The ability of model lesion to effectively inhibit the repair process in vitro indicates the possibility of its application as a prototype for creation of selective DNA repair inhibitors contributing to the enhancement of efficiency in chemotherapy.
In additional this DNA analog can be applied as effective photoaffinity probe to analyze interaction of NER proteins with bulky DNA lesion. The data speak in favor possibility to use this photoactive DNA to crosslink XPC-HR23B (Fig. 4) .
Our preliminary studies with novel non-nucleoside adducts which contain N- [6-(9- To conclude, it should be noted, that developed approach is of general use for the incorporation of NERsensitive distortions into model DNA. Many types of NER substrates can be created by this way, including DNA with photoactivated and fluorescent groups. The new artificial DNA containing bulky non-nucleoside modifications will be useful for fundamental and medical research as a tool to detect activity of NER system in cells.
Acknowledgements. The mixtures were exposed to UV radiation at 312 nm and intensity of 3 J/cm 2 ×min for 5 min. After the UV exposure, aliquots taken from each mixture were treated with benzonase endonuclease (1 activity unit per 10 ml of a sample, 30 min at 37 °C). The reaction was stopped by heating with the denaturing buffer for protein samples. The buffer for samples was also added to the residual part of the reaction mixture: 1 -sample not treated with benzonase; 2 -sample treated with benzonase. Products of photolinking were separated by electrophoresis in 10 % polyacrylamide gel according to Laemmli
